In vertebrates, a variety of light-stimulated genes are distributed in the retina, the pineal gland, and the suprachiasmatic nucleus, but a cis-element(s) responsible for the lightdependent transcriptional regulation is left unexplored. Focusing on the pinopsin gene, a light-stimulated gene in the chick pineal gland, we performed a transcriptional analysis in the primary culture of the chick pineal cells that were transiently transfected with a luciferase reporter gene fused with various lengths of the 5Ј upstream region of the pinopsin gene. Lightdependent enhancer activity was detectable in the construct with the upstream region between Ϫ1156 and ϩ31. Introduction of mutations within the 18 bp sequence at positions Ϫ1103 to Ϫ1086 (TGGCACGTGGGGTTCCTC), including a CACGTG E-box sequence, elevated the transcriptional activity in the dark and thereby abrogated the light dependency, suggesting that the 18 bp sequence is essential for a reduction of the transcriptional activity in the dark. In an electrophoretic mobility-shift assay, we identified a pineal nuclear factor(s) capable of binding to the 18 bp element in a sequence-specific manner. When a 49 bp fragment (Ϫ1122 to Ϫ1074) including the 18 bp sequence was placed upstream of the simian virus 40 promoter, the transcriptional activity was dramatically suppressed regardless of light conditions in the chick pineal cells, and a more pronounced repression was observed in nonpineal/nonphotosensory LMH and NIH 3T3 cells. These results suggest that the 18 bp element in the pinopsin promoter constitutes the binding site of a ubiquitous factor that serves for the transcriptional repression that is required, although not sufficient, for the lightdependent expression of pinopsin gene in the chick pinealocytes.
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In animals, light plays an important role not only for vision but also for adaptation to changes in ambient conditions that greatly influence the expression of many genes. For example, light is a predominant time cue for entraining an endogenous circadian clock, which autonomously oscillates with a period of ϳ24 hr (McWatters et al., 1999; King and Takahashi, 2000; Pando and Sassone-Corsi, 2001 ). In resetting the phase of the circadian clock in rodents, light stimulates the expression of a clock gene period (Per) in the suprachiasmatic nucleus (Albrecht et al., 1997; Shearman et al., 1997; Shigeyoshi et al., 1997) , suggesting involvement of the induction of the Per gene in the phase-shift of the oscillator (Akiyama et al., 1999) . The transcription of the Per gene is positively regulated by a heteromer of basic helix-loop-helixPer-ARNT-Sim proteins, CLOCK and BMAL, through a CACGTG sequence (E box) in the Per promoter (Gekakis et al., 1998) . Recent studies (King and Takahashi, 2000) have revealed a basic mechanism underlying the circadian oscillation, but far less is known about the photic-entrainment pathway in animal clock systems.
Light also regulates the transcription of genes for retinal phototransduction proteins such as rhodopsin (Korenbrot and Fernald, 1989 ) and arrestin (McGinnis et al., 1994) to compensate for the protein degradation attributable to the circadian shedding of the photoreceptor cells. Several cis elements and transcription factors responsible for the photoreceptor cell-specific gene expression have been identified (Rehemtulla et al., 1996; Furukawa et al., 1997) , whereas those important for light-dependent gene expression are unexplored. However, in plants, the regulatory processes of light-controlled genes triggering various photic events have been well characterized (Terzaghi and Cashmore, 1995; Heintzen et al., 2001) .
Like those in plants, the light-responsive genes in animals would be regulated through a cis-DNA element, light-responsive element (LRE). To understand the mechanism underlying the light-dependent gene expression in the photosensory cells, we paid special attention to gene regulation of pinopsin that was identified in the chicken pineal gland as a pineal-specific photoreceptive molecule (Okano et al., 1994) . The chicken pineal gland is a photosensitive neuroendocrine tissue; it has been widely used for biochemical and pharmacological studies on the circadian clock because it retains an intracellular phototransduction pathway regulating the phase of the intrinsic clock oscillator and because these functions are well maintained even in the dispersed cell culture (Deguchi, 1981; Zatz et al., 1988) . We found previously that mRNA levels of pinopsin are kept low in the dark and increase approximately sixfold with 6 hr of light exposure in chicks (Takanaka et al., 1998) , in a time course similar to that of light-dependent Per2 induction in the Xenopus retina (Steenhard and Besharse, 2000) . Even in the isolated pineal organ culture, the expression of pinopsin gene is upregulated by light, albeit to a less pronounced degree (ϳ1.5-fold) than in vivo. Here we show that an 18 bp element at positions Ϫ1103 to Ϫ1086 in the upstream region of pinopsin plays a key role in light responsiveness. This sequence represents the first example of elements that confer light-responsive gene expression in animal cells.
MATERIALS AND METHODS
Isolation of the pinopsin upstream reg ion. The pinopsin upstream DNA fragment was isolated using a long and accurate PCR in vitro cloning kit (TaKaRa, Otsu, Japan) with specific pinopsin primers R7 (at positions ϩ320 to ϩ336, relative to the transcription initiation site; 5ЈCGTGTT-TGGCAGGAGGA3Ј) and R9 (at positions ϩ27 to ϩ46; 5ЈCCGAT-GTCC TCCAACAGC TC3Ј). The isolated fragments (2.5 kb) were subcloned into pCR 2.1 (Invitrogen, C arlsbad, CA) for sequence determination.
Animals and pineal cell culture. Animals were treated in accordance with the guidelines of the University of Tokyo. Newly hatched chicks were housed under a 12 hr light /dark cycle; the next day (day 1), the pineal glands were isolated from the chicks during the light period. The pineal cells were dispersed by passing them through a cell strainer (100 m Nylon; Becton Dickinson, Franklin Lakes, NJ), and placed in 48 well plates (1 ϫ 10 6 cell / well) with 1 ml of Medium 199 (Invitrogen) supplemented with 10 mM H EPES, pH 7.3, 100 U/ml penicillin G, 100 g /ml streptomycin, 0.9 mg /ml NaHC O 3 , and 10% (v/ v) fetal bovine serum (Invitrogen). The pineal cells were cultured at 37°C in 5% CO 2 in a 12 hr light /dark cycle (lights on at 8:00 A.M. and off at 8:00 P.M.) with a light intensity of 250 -300 lux at the level of culture plates in the C O 2 incubator. The cultured cells were transfected with plasmids at 4:00 P.M. on day 3 and were harvested at 12:00 P.M. on day 4.
Plasmid construction and transfection. Promoter/reporter hybrid constructs were prepared by introducing each of several clones for the pinopsin upstream regions into the NheI/XhoI site of pGL3-Basic or by linking annealed oligonucleotide into the SmaI site of pGL3-promoter vector (Promega, Madison, W I). In vitro mutagenesis in the pinopsin promoter region was performed using the QuikChange site-directed mutagenesis kit (Stratagene, La Jolla, CA). The cells were transfected with these plasmids using LipofectAmine Plus (Invitrogen) according to the manufacturer's instructions. In every experiment, pRL -TK (Promega) was cotransfected as a control measure, and the luciferase activities were evaluated with the aid of the Dual-L uciferase reporter assay system (Promega).
Oligonucleotides. The synthetic DNA oligonucleotides used for the site-directed mutagenesis and for electrophoretic mobility-shift assay (EMSA) were pinopsin 49 bp (W T49) probe (at positions Ϫ1122 to Ϫ1074), 5ЈGATG-GAGCACATCC TGC TGTGGCACGTGGGGTTC -C TCAC TTTGTAC -GAA3Ј;␦-crystallin (DC5), 5ЈGATC TAAATAT-TCATTGTTGTTGC TCACC TACCATG3Ј ; DC5 mutation (mutDC5), 5ЈGATC TAAATATTCATTGTTGT-TGC TCCAATACCATG3Ј ; arginine vasopressin (AV P), 5ЈGATC TCAGGCCCACGTGTGTCCCCAGGC -CCACGTGTGTCCCCAGGCCCACGTGTGTCCCA3Ј (Jin et al., 1999) ; AV P mutation (mutAV P), 5ЈGATC TCAGGCCGGACC TTG-TCCCCAGGCCGGACC TTGTCCCCAGGCCGGACC TTGTCCCA3Ј (Jin et al., 1999) ; chicken Per2 (cPer2), 5ЈGTGTCACACGTGAG-GC TTA3Ј (Doi et al., 2001) ; and cPer 2 mutation (mutcPer2), 5ЈGTGT-CAGGACC TAGGC TTA3Ј .
Preparation of nuclear proteins. Newly hatched chicks were housed under 12 hr light /dark cycles for 2 d and the pineal glands were isolated during the light period ("light" sample), whereas the "dark" sample was prepared from chicks that were raised under constant dark conditions for 2 d and the pineal glands were isolated in the dark. The nuclear extracts were prepared according to the method of Gorski et al. (1986) , with modifications. Briefly, 100 pineal glands (light or dark samples) or liver slices (ϳ1 gm; isolated from the chicks in the light) were homogenized with a glass-glass homogenizer on ice in 5 ml of ice-cold sucrose buffer I (10 mM H EPES-KOH, 15 mM KC l, 0.15 mM spermine, 0.5 mM spermidine, 1 mM EDTA, 2.2 M sucrose, 5% v/ v glycerol, 0.5 mM DTT, 0.5 mM PMSF, and 14 g /ml aprotinin, pH 7.6). These procedures for the dark sample were performed under dim red light (Ͼ640 nm) and subsequent manipulations were performed in the light. The homogenate was layered over a 6 ml cushion of ice-cold sucrose buffer II (10 mM H EPES-KOH, 15 mM KC l, 0.15 mM spermine, 0.5 mM spermidine, 1 mM EDTA, 2 M sucrose, 10% v/ v glycerol, 0.5 mM DTT, 0.5 mM PMSF, and 14 g /ml aprotinin, pH 7.6) and centrif uged in an SW41Ti rotor (Beckman Coulter, Fullerton, CA) at 100,000 ϫ g for 1 hr at 4°C. Then the pellet was resuspended in 240 l of a nuclear lysis buffer (10 mM H EPES-KOH, 0.55 M KC l, 0.1 mM EDTA, 10% v/ v glycerol, 3 mM MgC l 2 , 0.5 mM DTT, 0.1 mM PMSF, and 14 g /ml aprotinin, pH 7.6). After gentle mixing for 30 min, the suspension was centrif uged in a TL A 100.3 rotor (Beckman Coulter) at 200,000 ϫ g for 1 hr at 4°C. Solid (N H 4 ) 2 SO 4 was added to the supernatant (0.3 gm /ml), followed by gentle mixing for 30 min. The proteins sedimented by centrif ugation in a TL A 100.3 at 150,000 ϫ g for 30 min at 4°C were dissolved in a dialysis buffer (25 mM H EPES-KOH, 50 mM KC l, 0.1 mM EDTA, 10% v/ v glycerol, and 1 mM DTT, pH 7.6) for dialysis against the buffer at 4°C. This nuclear protein fraction was stored in liquid nitrogen until use.
Electrophoretic mobilit y-shif t assay. The double-stranded oligonucleotide prepared as described by Okano et al. (2001) was radiolabeled at the 5Ј end with [␥-32 P]ATP using Megalabel (TaKaRa) and then incubated with 2.5 g of nuclear proteins and 0.5 g of poly(deoxyinosinicdeoxycytidylic) for 30 min at 37°C in a reaction buffer (25 mM H EPES-KOH, 50 mM KC l, 2.5 mM MgC l 2 , 0.1 mM EDTA, 10% v/ v glycerol, and 1 mM DTT, pH 7.6) before electrophoresis. Competition EMSAs were performed by premixing nuclear proteins with a 50-fold molar excess of unlabeled double-stranded oligonucleotides (competitor). In the experiment shown in Figure 5C , 1 g of nuclear protein was incubated with radiolabeled W T49 probe and 2 g of salmon sperm DNA in a reaction buffer (25 mM H EPES-KOH, 100 mM KC l, 7.5 mM MgC l 2 , 0.1 mM EDTA, 10% v/ v glycerol, and 1 mM DTT, pH 7.6) in the presence or absence of competitors. These reaction mixtures were electrophoresed in a 6% w/ v polyacrylamide gel with 0.5ϫ Tris-borate -EDTA buffer containing (in mM): 44.5 Tris, 44.5 boric acid, and 1 EDTA; the radioactivity in the gel was detected by an image analyzer (FL A 2000; Fujifilm, Tokyo, Japan).
RESULTS

Functional characterization of the pinopsin promoter region
Using oligonucleotide cassette-mediated PCR, we cloned a 2.5 kb chick genomic fragment including the pinopsin gene upstream region ( Fig. 1 A) , in which a TATA box was found at positions Ϫ39 to Ϫ34 upstream from its transcription initiation site described in the GenBank database (accession number U87449). We also found at positions Ϫ94 to Ϫ90 an inverted pineal regulatory element (PIRE, TAATC/A) (Li et al., 1998) , to which CRX (cone rod homeobox protein) binds for transactivation of photoreceptor cell-specific genes (Furukawa et al., 1997) . Three copies of CACGTG E boxes were present at positions Ϫ1100 to Ϫ1095, Ϫ2009 toϪ2004, and Ϫ2023 to Ϫ2018 (Fig. 1 A) .
To search for the cis-DNA element(s) responsible for the light-dependent gene expression, we prepared five kinds of reporter constructs with various lengths of the 5Ј-flanking genomic fragments of pinopsin gene each linked with the luciferase reporter gene (Fig. 1 B) . Chick pineal cells were cultured under 12 hr light/dark cycle conditions (lights on at 8:00 A.M. and off at 8:00 P.M.) for 2 d; they were transfected at 4:00 P.M. on the following day with each construct. One group of the cell plates was transferred to the constant dark at 8:00 P.M. (dark sample); the other was maintained under the light/dark cycle (light sample). After 16 hr (12:00 P.M. the next day) the cells were harvested under the dark or light conditions to measure the luciferase activities. We found that the construct harboring the region between position Ϫ1156 and ϩ31 (Ϫ1156/ϩ31) exhibited a lightstimulated reporter activity (Fig. 1 B) , whereas the longer constructs (Ϫ2102/ϩ31 and Ϫ1773/ϩ31) showed no significant difference in reporter activity between the light and the dark conditions, suggesting regulation by an element(s) between position Ϫ2102 and Ϫ1156 that apparently masks the effect of light. Such a light-insensitive reporter activity was also observed for the shorter constructs Ϫ805/ϩ31 and Ϫ290/ϩ31; this suggests that at least one of the LREs indispensable for the light-dependent pinopsin gene expression is present in the region between position Ϫ1156 and Ϫ805. The shortest construct Ϫ290/ϩ31 retains a PIRE-like sequence (Li et al., 1998 ) and a TATA box, but the reporter activity was very low and similar to that of a promoterless construct, indicating that these elements are insufficient not only for the light-dependent expression but also for the basal expression of the pinopsin gene.
To localize an LRE(s) between position Ϫ1156 and Ϫ805, we prepared another construct, Ϫ1040/ϩ31. This construct no longer displayed the light-sensitive promoter activity (Fig. 1C) , localizing the putative LRE(s) between Ϫ1156 and Ϫ1040. This region was also analyzed using three constructs (Ϫ1122/ϩ31, Ϫ1097/ ϩ31, and Ϫ1078/ϩ31), among which only the longest construct (Ϫ1122/ϩ31) was capable of conferring the light responsiveness (Fig. 1C) , suggesting the presence of the LRE in the vicinity of position Ϫ1122/Ϫ1097.
To determine the critical sequence for the light-dependent transactivation, mutations were introduced into the construct Ϫ1156/ϩ31 at a region between position Ϫ1121 and Ϫ1082, producing eight constructs (Fig. 2 A, M1-M8 ), in the form of six consecutive base substitutions (M1-M7) or four base substitutions (M8). As shown in Figure 2 B, M1, M2, M3, and M8 displayed light-sensitive reporter activities, whereas the activities of M4 -M7 were insensitive to light (Fig. 2 B) . Notably, M1-M3 showed reporter activities markedly higher than the wild-type Ϫ1156/ϩ31 construct in the light and dark, suggesting that a transcriptional inhibitor(s) binds to this region (between Ϫ1121 and Ϫ1104) to suppress the basal transcriptional activity. More importantly, the light-insensitive reporter activities of the mutants M4 -M7 were more comparable with that of the wild type detected in the light than that in the dark ( Fig. 2 B) ; hence the 18 bp element at positions Ϫ1103 to Ϫ1086 (TGGCACGTGGGGT-TCCTC) seemed to elicit transcriptional repression in the dark (see below).
Electrophoretic mobility-shift assay
Using a probe of the 49 bp DNA fragment [Ϫ1122/Ϫ1074, (WT49)] containing the 18 bp LRE, an EMSA was performed to explore a specific DNA binding protein(s) in the chick pineal nuclear extract. We detected a retarded band (Fig. 3, lanes 2 and  12, arrowhead) , and the formation of this band was completely blocked by the addition of an excess amount of unlabeled WT49 (Fig. 3, lanes 3 and 13) . The DNA sequence specificity of the interaction was examined by assessing the competitive effects of mutated WT49 fragments. The addition of an excess amount of M4 -M7 had no competitive effect on the EMSA band, whereas M1, M2, M3, and M8 fragments retained significant binding capacities (Fig. 3, lanes 4 -11) . These binding patterns are in good agreement with the effects of mutations on the light responsiveness of the transcription evaluated by the luciferase assay (Fig.  2 B) . The recognition sequence of the WT49-binding factor lies in the 18 bp pinopsin LRE.
Transcriptional repression through the pinopsin light-responsive element
To investigate whether the short stretch of the pinopsin upstream region at positions Ϫ1122 to Ϫ1074 (WT49) can confer lightdependent gene expression, we generated a WT49/simian virus 40 (SV40) construct (Fig. 4 A) in which WT49 (Ϫ1122 to Ϫ1074) was linked to SV40 promoter (pGL3 promoter; Promega). The WT49/SV40 construct failed to show light-dependent promoter activity in the chick pineal cells (Fig. 4 B) , but we found that the WT49 sequence strikingly suppressed the reporter activity governed by SV40 promoter regardless of light conditions (83-85% inhibition of the SV40 promoter activity) (Fig. 4 B) ; this repression was completely restored by mutating the core CACGTG sequence (M5/SV40 construct in Fig. 4 B) . These observations indicate that the pinopsin LRE by itself is insufficient for conferring light-dependent gene expression but is required for it by repressing the basal transcriptional activity. A similar or more pronounced inhibitory effect of WT49 on the reporter activity was seen not only in chicken hepatoma LMH cells (99% inhibition) (Fig. 4C ) but also in mammalian cells such as NIH 3T3 cells (83% inhibition) (Fig. 4 D) and 293 Epstein-Barr nuclear antigen cells (79% inhibition) (data not shown), suggesting strongly that the pinopsin LRE is required for transcriptional repression mediated by a factor(s) that is widely distributed in nonphotosensory cells.
Characterization of the nuclear protein bound to the pinopsin light-responsive element
We investigated whether the pinopsin LRE-binding protein(s) in the chick pineal nuclear extract varies quantitatively and/or qualitatively between the light and dark conditions. The EMSA revealed no significant difference in band pattern between the shifted bands derived from nuclear proteins in the light (Fig. 5A , lane 2) and dark (Fig. 5A, lane 3) .
One of the candidates for the pinopsin LRE-binding factor is ␦-crystallin enhancer binding protein (␦EF1)/zinc finger, E-box binding protein (Z EB), which was identified as a ubiquitous transcriptional repressor acting through the CACC T(G) E2 box (Funahashi et al., 1993; Genetta et al., 1994) . This possibility was tested by the EMSA, in which the reaction mixture was supplied with ␦-cr ystallin oligonucleotide harboring the ␦EF1/ Z EB-binding site (DC5; Kamachi and Kondoh, 1993) or with its mutated oligonucleotide (mutDC5). However, these oligonucleotides had almost no effect on the formation of the retarded band (Fig. 5B, lanes 5 and 6 ) , indicating no f unctional relationship between the pinopsin LRE-binding factor(s) and ␦EF1/ Z EB. In contrast, we observed competitive effects of E-box (CACGTG)-containing oligonucleotides corresponding to regions upstream of the mouse arginine vasopressin (mAvp) gene and cPer2 gene, each of which is transactivated through the E box by positive regulators, CL OCK and BM AL1 (Jin et al., 1999; Okano et al., 2001) . These competitive effects were completely dependent on the CACGTG sequence (Fig. 5B,  lanes 7 and 8; C, lanes 4 and 5) , indicating that the pinopsin LRE-binding factor can bind to these E boxes. The flanking sequences of these E boxes showed only weak similarities to each other (Fig. 5D) ; therefore, the core CACGTG sequence may be critical for the binding of the factor.
Using chick liver nuclear proteins, we detected a CACGTGdependent formation of a retarded band with a mobility identical to that observed with the chick pineal nuclear proteins (Fig. 5E ). This is consistent with E-box-mediated transcriptional repression observed in chicken hepatoma-derived L M H cells (Fig. 4C) ; it also supports the notion that the nuclear protein capable of binding to the pinopsin LRE f unctions as a ubiquitous repressor.
DISCUSSION
We found that an LRE for pinopsin gene regulation is present at positions Ϫ1103 to Ϫ1086 in the promoter region and that the light dependency of the promoter activity is completely lost by introducing mutations within these positions. Interestingly, the CACGTG sequence found in the pinopsin LRE completely matches the G box (CACGTGG), one of the LREs identified in plants (Donald and Cashmore, 1990) , in which the element is not effective by itself and a combination with its specific minimal promoter is indispensable for the expression of light responsiveness. Such sequence conservation implies a mechanism for the light-dependent gene expression common to animal and plant cells. Among several transcription factors in plants, photomorphogenesis-promoting factor (HY5) (Chattopadhyay et al., 1998) and phytochrome interacting factor 3 (Martínez-García et al., 2000) in Arabidopsis are well characterized as G-box-binding transcriptional activators in light-regulated gene expression. However, to date no example has been reported for a G-boxbinding transcriptional repressor involved in light-dependent gene expression even in plants. A, EMSA using the WT49 probe in the presence of the pineal nuclear proteins prepared from light-or dark-adapted chicks. B, Competition EMSA with pineal nuclear proteins in the presence of competitors: W T49, M5, DC5, mutDC5, AVP, and mutAVP. C, Competition EMSA with pineal nuclear proteins in the presence of competitors: W T49, cPer2, and mutcPer2. D, Sequence comparison of the vicinity of the E-box region from chicken pinopsin, cPer2, and mouse AV P (mAV P). E, EMSA using the chick pineal and liver nuclear proteins. In each panel, the position of a band representing a specific interaction with the LRE is indicated by an arrowhead.
Although the pinopsin LRE in the construct Ϫ1156/ϩ31 was required for the light dependency (Fig. 2) , the 49 bp stretch encompassing the LRE was unable to confer light responsiveness even in the cultured pineal cells (Fig. 4 B) , indicating that the pinopsin LRE by itself is insufficient for conferring the light-dependent gene expression. One possible mechanism is that an additional LRE(s) within the region between Ϫ1156 and ϩ31 would cooperatively f unction with the pinopsin LRE. In this case, another factor acting on this additional LRE would be required for light-dependent transactivation of the pinopsin promoter that is suppressed by the pinopsin LREbinding protein. We have tried to identif y this putative (second) LRE by transcriptional analyses of the other systematic series of deletion constructs in the pinopsin promoter region (Ϫ314 to ϩ31), but this search was unsuccessf ul (data not shown). We now assume a contribution of multiple elements. Alternatively, the specific location of the LRE or its distance from the promoter region may absolutely be required for light-dependent transcriptional regulation.
In animals, a CACGTG E box has been shown to play a key role in the transcription/translation-based autoregulatory feedback loop of the circadian oscillator (Hao et al., 1997; Gekakis et al., 1998; Jin et al., 1999) . Multiple copies of CACGTG E box were found in mouse Per1 (mPer1) and human Per1 promoter, and each E box was shown to recruit the CLOCK-BMAL1 heteromer (Hida et al., 2000) . At least a single copy of an E box with a similar function is present in the promoter region of cPer2 expressed in the pineal gland ). Transcription of both mPer1 and cPer2 genes is regulated by a circadian clock through the E box; it is also stimulated by light (Albrecht et al., 1997; Shearman et al., 1997; Akiyama et al., 1999; Okano et al., 2001 ), but very little information is available about the Per gene transcriptional regulation contributing to its light-dependent expression (Crosio et al., 2000) . Our results clearly demonstrate that cPer2 and AVP oligonucleotides both harboring the E box have a competitive effect on the interaction between the pinopsin LRE and the pineal nuclear protein (Fig. 5B,C) . This raised the possibility that a CACGTG E box(es) in the promoter region of cPer2 and AVP genes may contribute to a light-regulatory mechanism similar to that underlying the light-dependent regulation of pinopsin gene expression through its LRE.
With respect to the transcriptional repressor in animals, ␦EF1/ ZEB is known to bind directly to a subset of the CACCT(G) E box (Funahashi et al., 1993; Genetta et al., 1994) , but ␦EF1/ZEBlike binding activity would not be involved in the pinopsin LREmediated negative regulation (Fig. 5B) . Considering recent observations that the BMAL2 homodimer or the CLOCK-BMAL1 heterodimer potentially acts as a transcriptional inhibitor Yu et al., 2002) , a CLOCK-BMAL-containing complex might be involved in the light-dependent transcriptional regulation through the pinopsin LRE. Alternatively, as seen in Neurospora (Heintzen et al., 2001 ), a novel negative factor might modulate the transcription of light-regulated clock genes through the CACGTG E box. Like ␦EF1/ZEB and CLOCK-BMALs, the pinopsin LRE-binding factor seems to be expressed in a variety of cells not only for light-dependent gene expression but also for various aspects of gene regulation. Identification of this factor would be one of the ways to understand how the transcriptional apparatus in animal cells responds to light by using this general repressor through the pinopsin LRE.
